We investigated the hemodynamic status of seven children (aged 7 months to 14 years) with severe iron-deficiency anemia or anemia due to renal disease before and after the anemias were corrected by isovolumetric exchange transfusions. In the anemic state (Hb 1.9 to 3.8 g/100 ml) mean values for cardiac index were 7.71 L/min/m2, for heart rates 129/min, for stroke index 61.7 ml/m2, for diastolic pressure 61 mm Hg, and for systemic vascular resistances 11.5 resistance units (RU). After the anemias were corrected, mean values for cardiac index fell to 4.58 L/min/m2, heart rate to 92/min, and stroke index to 50.5 ml/m2; diastolic pressure rose to 74 mm Hg, and systemic vascular resistance to 22.8 RU. Post-exchange values were statistically significantly different from anemic values and were within normal limits for children. The mean cardiac index in anemic children was approximately the same as in adults with equally severe anemia; in children, increases in heart rate were greater and increases in stroke volume less than in equally anemic adults. Heart size (estimated by cardiothoracic ratio in eight anemic children) was increased. After the exchange transfusions it decreased from a mean of 55.4% to 51.2% (P < 0.05) in four of the five patients who were not in congestive heart failure; but the abnormally large heart size of three anemic children in failure did not decrease. Blood volumes were normal in five anemic children who were not in failure and were abnormally large in two of the three anemic children in cardiac failure.
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Heart si THE CARDIOVASCULAR adaptations to anemia have been studied in detail in human adults and experimental animals,1-6 but not in children less than 10 years old. The investigations by Roy and co-workers4 and Brannon and associates5 have shown that cardiac output increases when the hemoglobin concentration of blood falls below 7 g/100 ml. The cardiac indices observed by these authors at hemoglobin levels of approximately 3 g/100 ml ranged around 8 L/min/m2. Blood volumes in adults with Supported by Grants-in-Aid HE-09429-03, HD-03554-01, and FR-69, from the U. S. Public Health Service, and the American ever, blood pressure rose to pre-anemic levels as soon as the anemia was corrected. This patient with chronic renal failure suffered a convulsion 10 hours after the exchange transfusion which was, in the opinion of the attending physicians and neurologists, not related to the exchange transfusion. The exchange transfusions required the insertion of arterial withdrawal and venous infusion catheters; the presence of these catheters made the physiological studies easy, without additional discomfort to the patients. All studies were performed with the children breathing room air.
All patients had chest roentgenograms in full inspiration (diaphragm at or below ninth rib) before and within 12 hours after the anemias were corrected. Before the cut-down was done, one very restless child (case 2) was sedated (meperidine hydrochloride, 15 mg given intramuscularly, and promethazine hydrochloride, 7 mg given intramuscularly); the remaining patients received no premedication. Under local anesthesia and using sterile surgical technics, a cut-down was performed in the antecubital fossa, and a vein and artery were isolated. Veins were cannulated with polyethylene tubing (PE 90) and arteries with a 5F tapered radiopaque Plasma volumes were measured by the dyedilution method, using Evans blue dyett as the indicator. Following the collection of a control sample and the injection of dye through the venous catheter, three blood specimens were drawn from the artery at 10-min intervals, the first being collected 10 min after the injection of the dye. Dye concentration at zero-time was derived from back-extrapolation of the semilogarithmic plot of dye concentrations versus time; plasma dye concentrations were measured at 620 my on a spectrophotometer. § § Blood volumes were calculated from the plasma volume and the whole body hematocrit. The large vessel-venous hematocrit was measured in heparinized capillary tubes, centrifuged in a microcapillary centrifuge*** for 4 to 5 min. The venous hematocrit was corrected for trapped plasma (correction factor, 0.98) and for the venous/body hematocrit ratio (correction factor, 0.91); the appropriateness of these correction factors for normal and anemic subjects has been demonstrated. 13 14 Blood volumes were measured in the anemic state. Cardiac outputs, arterial blood pressures, and heart rates were determined before and 10 to 15 min after the anemia had been corrected. The severity of the anemia and the degree of correction of the anemia were assessed by measurements of hemoglobin concentrations before and after the exchange transfusions. Measurements of blood pressures and calculated total systemic vascular resistances are summarized in table 3 and figure 2. Mean diastolic pressure was significantly lower in the anemic state than after the anemia had been corrected (P < 0.05). As the diastolic pressure was raised, pulse pressure lessened. Systolic pressures showed individual variations, but they did not change significantly for the group. Calculated values for total systemic vascular resistance showed that anemia in small children was associated with low total systemic vascular resistance. Correction of the anemia brought about a marked rise in this parameter. Systolic blood pressures and systemic vascular resistances were higher in the children with renal disease than in patients with iron-deficiency anemias, but the changes in systemic vascular resistance produced by the correction of the anemia were directionally the same in all patients. Heart Size Heart size was evaluated in eig All eight anemic children had a heart on the chest roentgenogram the five children who were not in h the mean cardiothoracic ratio deci correction of the anemias (table group of five children who were r failure, the mean cardiothoracic ra from 55.4% to 51.2%; this change wa ly significant (P < 0.05). In the anemic patients the heart shadow appeared globular, which is compatible with dilation of the left ventricle. Figure 3 shows the typical changes in heart size observed in one of these patients. In the Comment three children with heart failure the hearts 6 hours following correction of anemia by exchange traiisfusion (post-exchange). Note globular appearance of heart and prominence of left cardiac shoulder in the pie-exchange (anemiicl) x-rays and return toward normal folluwinig the exchange transftmsiou. Our observations have demonstrated that anemic children, even when very small, increased their cardiac indices to 8 to 10 L/min/m2 when the hemoglobin concentraComment tion in blood fell below 3.2 g/100 ml, and to 6 Hleart failure to 7 L/min/m2 when hemoglobin levels vere between 3.2 and 3.8 g/100 ml. Cardiac indices at these levels were comparable to those hleart failure observed by Brannon In children the increases in cardiac output were brought about primarily by increases in heart rate and secondarily by increases in stroke volume. This is different from the response of adults to anemia, who show only minimal increases in heart rate but large increases in stroke volume.2 3 There is, however, no reason to believe that children cannot enlarge their stroke volumes in response to anemia, since one boy in our series (case 6) showed an adequate increase in cardiac output in severe anemia and digitalis intoxication without a rise in heart rate.
Since cardiovascular control is extremely unstable when anemia is very severe, therapy should aim to increase the oxygen-carrying capacity of blood in order to avoid sudden and unexpected heart failure. The level at which hemoglobin concentrations must be elevated quickly appears to be approximately 3 g/ 100 ml in a child wvithout associated disease, or 4 g/ 100 ml in children who have other pathological conditions complicating the anemia. The observations of Fullelton and Turner'9 and Sharpey-Schafer20 habve shown that transfusions may be dangerous in the severely anemic patients, particularly when they are in heart failure. For these reasons wve used isovolumetric exchange transfusions which prevented circulatory overloading. The observations by Sanghvi and associates2' have indicated that the hyperkinetic hemodynamic state of anemia is not quickly eliminated by whole blood transfusions, and cardiac work may actually increase after the transfusions; it does not seem desirable to us to increase cardiac work in the presence of heart failure. If a circulating humoral factor contributes to the maintenance of high cardiac output in anemia, as has been suggested by Hatcher and associates,22 exchange transfusions may have the additional benefit of removing significant amounts of it. Although cardiac indices of 15 L/min/m2 have been reported,4 children who have to maintain chronically a cardiac output in excess of 9 to 10 L/min/m2 may develop heart failure. This danger seems particularly great in children who have other diseases, such as hypermetabolic states, infections, congenital heart disease with shunts, intoxications, skin diseases, or renal disease with deranged blood chemistry associated with their anemia. We noted that cardiovascular function in our patients became normal either during or a short time after completion of the exchange transfusions. The mean cardiac indices and stroke indices observed in the hour following correction of the anemia were not significantly different from those observed by Vogel and associates (Personal communication to author) at Denver altitude (05,300 feet) or those collected by Guvtonls for normal children at sea level. Moderate elevations in heart rate in some of our patients after completion of the studies and exchange transfusions may have been related to the mild discomfort and Circulation, Volume XXXIX. June 1969 apprehension which developed with the passage of time.
Blood volumes in our group of children with iron-deficiency anemia or anemia secondary to renal disease were normal, provided they were not in heart failure. The increase in blood volume in high-output failure of anemia may represent an attempt to maintain central arterial blood pressure and to counterbalance the runoff from the systemic circulation caused by maximally dilated vascular beds. It surprised us that the expanded blood volume of one child in failure did not return to normal as soon as the anemia was corrected, although signs and symptoms of heart failure had disappeared quickly. The failure of the heart to decrease in size (estimated from cardiothoracic ratios) after correction of the anemia in children with heart failure may have been related to the large blood volumes in these patients. On the other hand, the decreases in heart size following the correction of anemia noted in patients who were not in high-output failure occurred without apparent changes in blood volume; this suggests that a redistribution of blood volume from the central circulation to other parts of the body may have taken place. Conclusions 1. The cardiac index of seven severely anemic children between 7 months and 14 years of age increased to the levels observed in equally anemic adults. As soon as the hemoglobin deficit in these children was corrected by exchange transfusions, cardiac outputs returned to normal.
2. The increase in cardiac outputs in severe anemia of children was due primarily to increase in heart rate and secondarily to increase in stroke volume. 3 . Anemic children exhibited low arterial diastolic pressure and low total systemic vascular resistance; both parameters returned to normal when the anemias were corrected by exchange transfusions.
4. Blood volumes were normal in the anemic children who were not in heart failure, but abnormally elevated in two out of the three children in failure.
Circulation, Volume XXXIX, June 1969 5. Heart sizes (estimated by cardiothoracic ratio) were increased in all anemic patients studied. Following exchange transfusions the heart size decreased in those patients who had not been in high-output heart failure before the anemia was corrected, but the heart size did not decrease in those who had been in high-output failure.
6. Isovolumetric exchange transfusions corrected severe anemias safely and effectively and returned cardiovascular function to normal.
